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The structures of four major transcripts from the homeotic gene Antennapedia of Drosophila melanogaster 
were determined. These transcripts constitute two RNA classes, each class initiating from a unique promoter 
but sharing 3' exons. Within the shared sequences is a major open reading frame encoding a 378-amino-acid 
protein as well as alternative polyadenylation sites. Although the RNA classes differ in their 5' sequences, both 
leaders contain many AUGs upstream of the major open reading frame. For the two RNA classes, neither gross 
tissue nor temporal specificity was observed. However, the second poly(A) site is preferred in neural tissue. The 
structural diversity of the RNAs is discussed in relation to biological functions of the Antennapedia locus.
As development proceeds from the zygote to the multicel- 
lular organism, determinative events occur which commit 
groups of cells to discrete developmental pathways. The 
underlying molecular mechanisms that determine and main­
tain tissue identity are still largely unknown. Development in 
Drosophila melanogaster involves the interactions between 
many different regulatory genes. These genes function to 
establish the polarity of the embryo (35), divide the animal 
into repeated segments (36), and define the morphological 
identity of each segment (21). Establishment and mainte­
nance of the identity of tissues in the thoracic segments is the 
central role of the gene we are studying, the homeotic locus 
Antennapedia (Antp). Recessive lethal mutations of the Antp 
locus transform cells of the larval and adult ectoderm in an 
anterior direction (21, 46, 54, 55, 58). To understand how the 
Antp gene controls tissue identity, the following questions 
must be answered. How is Antp regulated in a cell-specific 
manner? How does it regulate the expression of other genes 
to shape subsequent development? What structural features 
of the Antp gene specify the biological functions attributed to 
it?
How is the Antp gene regulated during development? Antp 
exhibits a pattern of transcript accumulation which is not 
only tissue specific but is confined to specific subpopulations 
of cells within a given tissue (27, 29). Genetic and molecular 
analyses demonstrate that the actions of other genes lead to 
this restricted pattern. For example, activities of bithorax 
complex genes appear to repress the transcription of Antp in 
the third thoracic and first seven abdominal segments (12). 
Mutations in other genes, such as Sex combs reduced, extra 
sex combs, and Polycomb, also influence Antp expression 
either directly or indirectly (46, 56, 59).
How does Antp control other genes? Several observations 
suggest that some regulatory genes interact with target genes 
by binding to the DNA of the target loci. A number of these 
regulatory genes, including Antp, contain the homeobox 
sequence (31, 40, 42, 51). This encodes a peptide domain 
which shares homology with yeast transcription regulatory 
proteins (MATa2 and AfA7a7), as well as bacterial DNA- 
binding proteins (26, 53). Consistent with a DNA-binding 
role is the finding that the protein products of several 
homeobox-containing genes are localized to the nucleus (2,
4, 7, 61). Finally, crude Escherichia coli extracts containing
* C orrespond ing  au tho r.
homeobox portions of the engrailed protein bind in vitro to 
DNA sequences upstream of the engrailed gene itself as well 
as to the fushi tarazu gene (6). If these proteins in fact bind 
to DNA in vivo, it is likely that they regulate transcription of 
their target genes. It is unknown whether the target genes are 
themselves regulatory loci or genes encoding structural 
products for cell differentiation.
How do features of the Antp locus and its transcripts 
facilitate its functions during development? We present the 
sequences of several Antp cDNAs. We also present evi­
dence for the existence of at least four major RNAs arising 
from two promoters and ending at alternative polyadenyla­
tion sites. These RNAs differ by unusually large regions of 5' 
or 3' untranslated sequences. These features of the Antp 
gene and its RNA products are discussed in relation to the 
genetically defined functions of the locus.
MATERIALS AND METHODS
RNA isolation. Total RNA was prepared from D. 
melanogaster 4- to 8-h-old embryos or late pupae (40) with 
the following modifications. For each RNA preparation, 2 g 
of powdered embryos or pupae was homogenized in a 15-ml 
Dounce homogenizer containing 10 ml of guanidinium 
thiocyanate homogenization buffer and centrifuged at 9,500 
x g for 20 min at 20°C in a Sorvall SS-34 rotor (Ivan Sorvall, 
Inc., Norwalk, Conn.). To the supernatant was added 0.25 
volumes of CsCl solution (5.7 M CsCl, 10 mM N-2- 
hydroxyethylpiperazine-AT-2-ethanesulfonic acid [HEPES],
1 mM EDTA [pH 7.6]) and Sarkosyl (CIBA-GEIGY Corp., 
Summit, N.J.) to 4%. The mixture was split and layered over
2-ml cushions of CsCl solution, and RNA was pelleted by 
centrifugation at 110,000 x g for 20 h at 20°C in an SW41 
rotor (Beckman Instrum ents, Inc., Fullerton, Calif.). 
Poly(A)+ RNA was isolated by using oligo(dT) cellulose 
chromatography (type II; Collaborative Research, Inc., 
Waltham, Mass.) (28).
Imaginal disks were isolated from wandering third-instar 
larvae (Sevelin strain) by hand-dissection in Ringer insect 
solution (38) containing 5% horse serum to prevent tissue 
clumping. Minipreparations (20) of RNAs were made from 
103 brain lobes; 40 ventral nerve cords; and 123 eye- 
antennal, 100 first-leg, 100 second-leg, 100 third-leg, 116 
humeral, 25 wing, and 209 haltere imaginal disks.
[32P]RNA probes. Appropriate sequences were subcloned 
into either pSP or pGEM vectors (Promega Biotec) for SP6
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or T7 RNA polymerase transcription. Linearized templates 
were treated with 0.2 mg of proteinase K per ml for 30 min 
at 37°C, followed by extraction twice with phenol- 
chloroform-isoamyl alcohol and once with chloroform, and 
then were ethanol precipitated (Vector Cloning Systems 
protocol).
RNA probes were transcribed (32) with 12 |xM [a-32P]UTP 
at either 600 or 3,000 Ci/mmol, yielding a final UTP concen­
tration of 24 |aM. These precursors yielded RNAs at specific 
activities of greater than 3 x 108 or 3 x 109 dpm/jjug, 
respectively. For RNase protections, the DNA template was 
removed by adding DNase I (RNase free) to 0.1 U/jxl and 
incubating for 30 min at 37°C. RNA probes were then 
extracted once with phenol-chloroform-isoamyl alcohol and 
once with chloroform and ethanol precipitated.
RNA blot analysis. Whole-animal poly(A)+ RNA (5 to 10 
|xg per lane) or larval-tissue total RNA was separated on 
1.0% agarose, 2.2 M formaldehyde gels in MOPS buffer (28). 
The RNA was capillary transferred to either nitrocellulose 
(Schleicher & Schuell, Inc., Keene, N.H.) or nylon mem­
brane (Hybond-N; Amersham Corp., Arlington Heights, 111.) 
with 20 x SSC ( lx  SSC is 0.15 M NaCl plus 0.015 M sodium 
citrate [pH 7.0]) for 18 to 20 h (57) and then baked for 2 h at 
80°C. Nylon membranes were UV irradiated 2 to 5 min 
before baking (Amersham Corp. 1985. Membrane transfer 
and detection methods. Booklet R851196-5/85).
Low-specific-activity 32P-labeled RNA probes were used 
for hybridization to whole-animal RNA, whereas high- 
specific-activity probes were used for larval-tissue RNAs. 
Nitrocellulose filters were hybridized (32) with a probe 
concentration of 1 ng/ml per kilobase (kb) of probe length for 
24 to 48 h at 56°C. Nylon filters were prehybridized in 50% 
formamide-5x SSPE (0.9 M NaCl, 50 mM NaH2P 0 4, 0.5 
mM EDTA [pH 7.7])-5x Denhardt solution-10% polyethyl­
ene glycol 6000-1% sodium dodecyl sulfate-0.1 mg of dena­
tured DNA per ml-0.05 mg of tRNA per ml at 60°C for 4 h. 
Hybridization was carried out in the same solution with a 
probe concentration of 1 ng/ml per kb of probe length for 20 
h at 60°C. Filters were rinsed once in 5x SSPE at room 
temperature, then washed at 65°C for 20-min periods, once 
in l x  SSPE-0.1% sodium dodecyl sulfate, and three times in 
O .lx SSPE-0.1% sodium dodecyl sulfate (1; New England 
Nuclear Corp. 1984. GeneScreenPlus hybridization transfer 
membrane. Protocol booklet; Amersham booklet).
Subsequent hybridization of the filters with the ribosomal 
protein 49 probe (37), provided by Michael Rosbash, dem­
onstrated that RNA preparations from eye-antennal disks 
were intact.
SI nuclease protection. Genomic DNA fragments contain­
ing exon regions plus flanking sequences were subcloned 
into M13 vectors. Single-stranded DNA was isolated (44) 
and purified by agarose gel electrophoresis. Single-stranded 
DNA (50 ng) was protected from SI nuclease digestion by 
annealing first to poly(A)+ RNA (5 to 10 p,g) and then to 
single-stranded DNA of the opposite orientation (16). The 
double-stranded DNA fragments were fractionated on an 
agarose gel, transferred to nitrocellulose, and hybridized by 
using 106 cpm of nick-translated DNA probe per ml (1 x 108 
to 3 x 108 cpm/jAg) representing the original genomic DNA 
(13).
Isolation of cDNA clones. New cDNA clones were isolated 
from several D. melanogaster libraries constructed in \g tl0  
and kindly made available by M. Goldschmidt-Clermont, S. 
Schneuwly, and L. Kauvar. Each was screened with nick- 
translated probes (1 x 108 to 3 x 108 cpm/|xg) derived from 
cDNA or genomic DNA sequences of the Antp locus. The
following lists indicate the stage of RNA used for the library 
from which these clones were isolated: embryonic, 903, 904, 
950, 958, and 963; larval, 927, 964, and 965; pupal, 909.
RNase protection. Exon ends were mapped by the RNase 
protection method (62) with the following modifications. 
Annealing of 1 x 106 to 2 x 106 cpm of RNA probe (low 
specific activity) to either total RNA (15 to 30 |xg) or 
poly(A)+ RNA (1 to 5 |xg) was followed by digestion at 30°C 
for 1 h with either 40 |xg of RNase A per ml plus 2 p,g of 
RNase TI per ml or 2, 5, or 10 |xg of RNase TI per ml alone. 
RNase A cleaves 3' to pyrimidine residues, whereas RNase 
TI cleaves 3' to guanine residues. After ethanol precipita­
tion, the protected fragments were suspended directly in 
80% formamide-0.25 mM EDTA-0.06% bromophenol blue- 
0.06% xylene cyanol, heated at 65°C for 30 min, and frac­
tionated on a 6% polyacrylamide-8 M urea sequencing gel.
Estimating the size of protected probe fragments fre­
quently leads to ambiguity in the exact site of RNase 
cleavage. The same ambiguity arises with SI mapping or 
primer extension mapping of RNA molecule ends or splice 
junctions. We suggest that the use of a set of ribonucleases 
with different cleavage specificities, as exist for RNA se­
quencing (9), could be combined with knowledge of the 
DNA sequence to determine the position of RNA termini, 
splice sites, or single-base-pair differences between se­
quences.
Note that under some conditions RNase apparently 
cleaves between the two terminal nucleotides at the end of 
an RNA-RNA hybrid. As the concentration of nuclease 
increases, cleavage at the internal site is facilitated. We 
attribute this to partial strand melting at the ends of the 
hybrid molecules.
DNA sequencing. Dideoxynucleotide sequencing (45) of 
cDNA and genomic DNA fragments used site-directed 
subcloning into pGEM vectors. A series of nested deletions 
was generated by using exonuclease III plus SI nuclease 
(17). Plasmid DNA was prepared to assay the extent of 
deletion (18), and supercoiled plasmid DNA was directly 
sequenced by using SP6 or T7 promoter primers and 
Promega Biotec conditions. In all cases, sequences of both 
strands of the cDNAs were determined. For handling DNA 
and protein sequence data, the GENEPRO programs written 
by J. Brown and J. Wallace (Riverside Scientific, Seattle, 
Wash.) and the Protein Coding Region Locator routine of the 
Pustell Sequence Analysis programs (International Biotech­
nologies, Inc.) were used.
RESULTS
Structures of Antp cDNA clones. Scott et al. (52) identified 
two major Antp poly(A)+ RNA species, 5.0 and 3.5 kb in 
size, which are present throughout development. The 3.5-kb 
species predominates during early embryonic stages but is 
replaced by the 5.0-kb RNA by the end of this period. The
5.0-kb RNA then remains the major species through pupal 
development, although the total amounts in first-, second-, 
and early third-instar larvae are quite low. Some understand­
ing of the structure of these RNAs came from the isolation 
and initial characterization of several cDNAs (10). cDNAs 
903 and 909 were described as containing four and three 
exons, respectively. It has since been shown that one exon 
region common to the two cDNAs in fact contains four 
exons (11). To conform with these findings, the exon struc­
ture of the 903 cDNA will be diagrammed as 1-2-4-5-6-7-8 
and that of 909 will be diagrammed as 3-4-5-6-7-8.
To better define the RNA structures, additional cDNA 
clones were isolated from several libraries constructed by
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Michael Goldschmidt-Clermont, Stephan Schneuwly, and 
Larry Kauvar. These were screened with probes derived 
from previously isolated cDNAs or from genomic se­
quences. A diagram relating the Antp genomic DNA se­
quences and the cDNAs is shown in Fig. 1.
The complete sequences of the 903,904,958,963,964, and 
965 clones, all derived from Oregon R D. melanogaster 
strains, are presented in Fig. 2. The sequences of the Canton
S strain genomic regions, upstream and downstream of 
exons 1, 3, and 8, were also determined.
Two classes of large cDNAs were found. In cDNA 903, 
exons 1 and 2 are combined with exons 4 to 8, whereas in 
cDNA 909 and 950 exon 3 is combined with exons 4 to 8. 
Some of the cDNAs end with poly(A) stretches (indicated by 
* in Fig. 1). Together these define two polyadenylation sites; 
with 958, there are possibly three. The two sites in exon 8 are 
1,424 bases apart. Each poly(A) addition site is preceded by 
a canonical AATAAA motif (41).
Alternative polyadenylation sites. While determining the 
size of each exon by SI analysis and RNase protection, we 
found that sequences at the 3' end of the last Antp exon 
contribute all or most of the 1.5-kb difference between the
5.0- and 3.5-kb RNAs (data not shown). To confirm that the
5.0- and 3.5-kb transcripts differ by this region, RNA blots 
were probed with the 3' sequences of exon 8. Only the 5.0-kb 
Antp RNA band was detected (Fig. 3, lane g). These 
alternative 3' ends for exon 8 are consistent with the position 
of poly (A) tracts found in the cDNAs.
Determining the 5' ends of exons 1 and 3. The 5' ends of 
exons 1 and 3 were mapped by RNase protection (62). 
Embryonic RNA was annealed to 32P-labeled antisense RNA 
probes containing the 5' end of each exon and flanking 
sequences. Hybrids were digested with either RNases A plus 
T l (A +Tl) or RNase T l alone (Tl). These RNases digest 
single-stranded RNAs at specific nucleotides and leave dou­
ble-stranded molecules intact. The resulting protected frag­
ments were resolved on a sequencing gel.
A + T l mapping of exon 1 resulted in protection of a 
116-nucleotide (nt) fragment, whereas T l alone protected 
128- and 130-nt fragments (Fig. 4). The 2-nt difference 
between the T l products is attributed to cleavage at one of 
two neighboring T l sites at the 3' end of the hybrid and was 
dependent on enzyme concentration (see Materials and 
Methods). A + T l cleaved at the starting nucleotide of cDNA 
958, while T l alone cleaved 12 nt upstream at the first 
accessible T l site. This places the start of exon 1 at or within 
a few nucleotides of the 5' end of the 958 cDNA.
The 5' end of exon 3 was similarly determined. A + T l 
digestion resulted in a 125-nt fragment, and T l alone pro­
tected a 127-nt fragment (Fig. 4). These observations place 
the 5' end of exon 3 in the region of nucleotide 23 (Fig. 2 and 
4).
Comigrating RNA species. Taking together the exon com­
position of the cDNAs with the exon sizes from protection 
analyses and the cDNA sequences, transcript compositions 
and sizes were predicted. The first transcript class, repre­
sented by cDNA 903, would have exons 1-2-4-5-6-7-8. In this 
class, two RNAs are possible, 3.3 or 4.7 kb long, depending 
on the poly (A) site used. The second transcript class, of 
which cDNAs 909 and 950 are copies, would have exons
3-4-5-6-7-8. Two RNAs are again possible, 3.5 or 4.9 kb long, 
also dependent on the poly (A) site. To determine which of 
these four transcripts are actually made, blots of poly(A)+ 
RNA from whole D. melanogaster embryos or pupae were 
probed with sequences from the five major exon regions. 
Each probe hybridized to both the 5.0- and 3.5-kb bands
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FIG. 1. Exon composition of Antp cDNAs. (A) The position of 
each of the eight Antp exons within the 100-kb locus is shown. (B) 
The cDNAs are aligned according to their sequences, each pattern 
corresponding to the exon origin of a sequence. None of the cDNAs 
are full length, and only a few include poly(A) regions (indicated 
by *).
(Fig. 3, lanes a to f). We conclude that both transcript classes 
make use of both poly (A) sites, resulting in production of all 
four RNAs predicted. Because of the small size difference 
between transcript classes, the 3.5- and 5.0-kb bands each 
consist of two comigrating RNAs.
Antp ORFs. The defined RNA structures share a single, 
large open reading frame (ORF) of 1,134 nt. This codes for a 
378-amino acid protein with a molecular weight of 42,780. 
The first AUG codon in this large ORF is positioned in a 
favorable context for initiation of translation, CCACGA 
TGA, compared with the consensus (CC)ACCATGG se­
quence (24). The putative Antp protein has two domains that 
have previously received attention. About one-third of the 
way into the protein, there is a stretch consisting mostly of 
glutamine residues. These contribute heavily to the total 
glutamine composition of over 18% of the peptide. The 
second domain in the Antp peptide is the region of about 60 
basic amino acid residues termed the homeobox. It is located 
in the last quarter of the putative Antp peptide. Both of these 
regions are known to reside in Antp (11, 25, 31, 60).
In Antp transcripts of either exon composition class, the 
large ORF is preceded by more than 1,100 nt of leader 
sequence. These leaders are derived from either exons 1 and
2 or from exon 3. Although different in sequence, both have 
many AUG codons before the start of the large Antp protein 
(Fig. 2). For exon 1- and 2-containing RNAs, there are eight 
AUG codons before the Antp peptide start signal. Only the 
fourth of these AUGs lies in a reasonable consensus ribo­
some initiation site environment, and it could encode a 
22-amino-acid peptide. The RNAs containing exon 3 have 15 
upstream AUG codons and could generate peptides 2 to 112 
amino acids long. Although it lacks the - 3  purine residue of 
the consensus ribosome initiation sequence, the 112-codon 
ORF conforms approximately to D. melanogaster codon 
usage.
Tissue localization of Antp transcripts. We next asked 
whether the four major transcripts have distinct tissue spec­
ificities. RNA was prepared from hand-dissected larval 
tissue, divided into two samples, and electrophoresed on 
identical agarose gels. The blotted RNAs were hybridized 
with probes specific to either exon 1 or 3 (Fig. 5). No Antp
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EXONS 1 AND 2
c t t t a t g g g t t tA G T T T G A T  AG6AGTCGTAAAGAAATCAA CATCACACAACAAAGCACTC GAGGACCCGTCCGTGTTCCG TTGACTTAGCCCACGTGCGA 100 
958>
CTGTAlfiTGTGTGTGTGCGA GAGGGATCCCAGCAGCATAA CGGTATTCGGTGCCCCGTAT TCCGTAGTCGCTATAGCGGC CAATATCTTGGGGCTGGGCT 200
CTCGGAGCTGAACTGAACTG AACTAAACTGAAC TGAACfA TTCGCATTCGTATTCGCTCG CTCTCCGTCGTCGCGACCGC TCTATTATCCCAATTGTCAG 300
CCCGCTAAGATCATAAAGGC CGTAAAAATAATCA7AACAA TAATCGTAAAAAATTAGAAC CGCAATCAGTCGCACACTGT CCATCGC^GCGCAGATCG 400
TCATAAACCCATTATTATAA TAATAACCG'TAATCGTAACC G7AATCGTAATTGTAATCGC AGGCGCCATCGCATAAACAG CAAACAAAAACACCGTCAGA 500
* 903>
GAAATTGGAATTGAACTTCG CGCGCGTTTCTTTTT^AT GTTCGAGTGTCTGGCAGGTG TCTGGATTCAAATTAAAATT CATCCACATATTGTGCAATA 600
CTACTA^J^GATCTGGGCTG ACTGTGCTGCAA^XgAGCTA GAGCTAGAGTTCAAATTTAT CAAGCCAAATCCTACTACCT AAGTGTTTATCTATTCTTAA 700
AAACGCATCGTGCACCGAAA ACTCGAATCTGTACAACAAC GTTTTCTAGTCCCCCGTAAA TCGAGCAATATCTACACACT AGCAACAAACAAAAGCTGAA 800
GCTTTCAACTCAAACCACAA CAAATTCAACAGAAATAAAA CGTAGACAGCCAAAATAACA CGAAAAAAAAATAAATAATA AAAAACAAAATACATAAAAC 900
>$5**^Jpo1yA s i t e ]
GGAAAAGAATAAGGAGCGGA AAAAGTTTCGATTCCACTGC GGGCAAACTTTTTATTTTGG CGCACGTGCAAGCTACCGTT AGCTGAGAATTTCAAAAGCC 1000




c a t t g t g a t t c a c t g g c g t t  c a g t t g t g a a t j a a t g g a c g  tg c c a a a ta g a c g tg c c g c c  g c c g c t c g a t t c g c a c t t t g  c t t t c g g t t t t g c c g t c g t t  100
t c a c g c g t t t a g t t c c g t t c  g g t t e a t t c c c a g t t c t t a a  a t a c c g g a c g ta a a a a ta c a  c t e t a g e g g t c c c g c g a a g a  a a a a g a ta a a g a a a te te g t  200
a g a a a t a t a a a a a t a a a t t c  c t a a a g t c g a t g g t t t c t c g  t t c a c t t t e g e t g c c t g c t c  aggacgagggccacaccaag  aggcaagagaaacaaaaaga  300
gggaaca taggaacaggaac  c a g a ta a ta g g g a ca ta a g c  g a c c c t t t c g c a a a t a a t t t  g g cg caaaa t g agegggege c a a g tg c cg cg tg g t g g a g c  400
c g c c t g a a a a tg a c a tg g a a  a a t t c g c c g a a a a t c g c g c g  t t t t g g c a g c a t c a a t c c c a  a a g c a c a a a a t t a a t t t c t a  t c a t a a t t t c t g g g t g c a A C  500 
—  *963>
ACGGACCCATAATTGAATCG AATATAGGGCTTATCTGATA GCCCGGCAGCAACATTGAAC TTTCCGGCTGCAAAGGAGAC GACACCGAGATCGCCAATTT 600 
*909>
TCGTTGGGCTCGTTCTCTGG GCTCCGGCGATAAGAAATCC AJGCTGATAAGGACAGGAGG ACGGTCTGCGGCAAATTGAA TTCGATTCTGACCTGTATGA 700
>963**950> -------
AAGCCAGCGGAGATACGGAT ACCTCTGGGTTTATGGGTAG AAAACGCAGAGCGTCGCGCC AACATCGAAATTATTTGCGT TTGCATCTTCTCGTCCTTTC 800
GTTTATCGTTCTGATTGCCA TCGTGGTGGCGCGGTTTCTA TTAATTTTGCTTCTGTATCG TTTGCAAAATCTCAAAAGAT TCAAAAAGTTCGTCATCAGC 900
AGCCGCAACACAAAAACCAA CGAGTGTAAAGCCGAGCATA CAAATATCAATAAAAACATA AACATTTACCCAATCTCAAT CTCAAAACATTCGCATCGTT 1000
TCCACACAAATATGCTTAGT TCGCCCAAATTGTGATTGTA TATATATATTTAACGGCATT AAATACAAAAGATTAAGCCC TAAATTAAGTGTAAATCTTA 1100
CAAAACGTCTACGTTTTTAA ACAAGAAATTGTGATATTAT ATATTAATCGGGAAATTCGA AGTATCAGAACAAAACGGTG TATATATGTAAGTGGGCGAT 1200
GAACATCAATGAATATTTTA GCTGAGCAAAGTACACACGA ATGAATATAAATATACATGA AAATATATTTTGGGCACCGA CTTTTACACCACAATTATAT 1300
ATCGATAGAAAAGACACGAA AACAATCACAGAAAACTAAG 1340
3**4
EXONS 4 TO 8
AGTTTCAAAATCAAAATTGA GGAATACCAACTAGAGGATA AGGCTACTTAAGGATCAAAA AACACCAAGGAGACGAGATT TTCTACCAAATCGAGAGACG 100 
*4
AGGGGCAGGTTAATTTCGTC ATTTTTGGCCAAGACAGCAA AT AGAGGAACAGCAAAGCGA AAATCATTTTATACCTCACA CAACAACTACACACTAACTA 200 
AGATTAGGCTACGCAACTGT ACATTGTACTTAAGTGTTCA AAGTATATTTAGTTTACTTT GTATATAAGAAAAGTAGCTA AAAGCACGCGGACAGGGAGG 300
▲
CAGGAGCACCACAGTCACTA GCCACTAAGCAGAGTCACAG TCACGATCACGTTCACTCCA GGATCAGGACTCGGGGCGGG ATCAGCAGACGCTGAGGAAG 400
CTGCCACGATGACGATGAGT ACAAACAACTGCGAGAGCAT GACCTCOTACTTCACCAACT CGTACATGGGGGCGGACATG CATCATGGGCACTACCCGGG 500 
M T M S  T N N C E S M  T S Y F T N  S Y M G A D M  H H G H Y P G  
CAACGGGGTCACCGACCTGG ACGCCCAGCAGATGCACCAC TACAGCCAGAACGCGAATCA CCAGGGCAACATGCCCTACC CGCGCTTTCCACCCTACGAC 600 
N G V T O L  D A Q Q M H H  Y S Q N A N H  Q G N M P Y  P R F P P Y O  
CGCATGCCCTACTACAACGG CCAGGGGATGGACCAGCAGC AGCAGCACCAGGTCTACTCC CGCCCGGACAGCCCCTCCAG CCAGGT6GCCGGGGTCATGC 700 
R M P Y Y N G  Q G M D Q Q  Q Q H Q V Y S  . R P D S P S S  Q V G G V M  
CCCAGGCGCAGACCAACGGT CAGTTGGGTGTTCCCCAGCA GCAACAGCAGCAGCAGCAAC AGCCCTCGCAGAACCAGCAG CAACAGCAGGCGCAGCAGGC 800 
P Q A Q T N G  Q L G V P Q Q  Q Q Q Q Q Q  Q P S Q N Q Q  Q Q Q A Q Q A  
CCCACAGCAACTGCAGCAGC AGCTGCCGCAGGTGACGCAA CAGGTGACACATCCGCAGCA GCAACAACAGCAGCCCGTCG TCTACGCCAGCTGCAAGTTG 900 
P Q Q L Q Q  Q L P Q V T Q  Q V T H P Q Q  Q Q Q Q P V V Y A S C K L  
CAAGCGGCCGTTGGTGGACT GGGTATGGTTCCCGAGGGCG GATCGCCTCCGCTGGTGGAT CAAATGTCCGGTCACCACAT GAACGCCCAGATGACGCT6C 1000 
Q A A V G G L  G M V P E G  G O P P L V O  Q M S G H H M  N A Q M T L  
CCCATCACATGGGACATCCG CAGGCGCAGTTGGGCTATAC G6ACGTTGGAGTTCCCGACG TGACAGAGGTCCATCAGAAC CATCACAACATGGGCATGTA 1100 
P H H M G H P  Q A  Q A L G Y T  O V G V P O  V T  E ± V  H Q N  H H N M G M Y  
CCAGCAGCAGTCGGGAGTTC CGCCGGTGGGTGCCCCACCT CAGGGCATGATGCACCAGGG CCAGGGTCCTCCACAGATGC ACCAGGGACATCCTGGCCAA 1200 
Q Q Q S G V  P P V G A P P  Q G M M H Q G  Q G P P Q M  H Q G H P G Q  
CACACGCCTCCTTCCCAAAA CCCGAACTCGCAGTCCTCGG GGATGCCGTCTCCACTGTAT CCCTGGATGCGAAGTCAGTT TGGTAAGTGTCAAGAACGCA 1300 
H T P P S Q N  P N S Q S S  G M P S P L Y  P W M R S Q F  G K C Q E R
7**8
transcripts were observed in the eye-antennal disk. How­
ever, both probes hybridized to 5.0- and 3.5-kb transcripts in 
all thoracic imaginal disks, brain, and ventral nerve cord. 
Additionally, both Antp RNA sizes were detected in the 
larval gut by using a probe for exon 3, which demonstrates
that Antp transcription is not limited to ectoderm (data not 
shown).
Although both polyadenylation sites are used in all tissues 
that transcribe Antp, there is a sevenfold preference for 
processing at the second poly(A) addition site in both larval
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AACGCGGAAGGCAGACGTAC ACCCGGTACCAGACTCTAGA GCTAGAGAAGGAGTTTCACT TCAATCGCTACTTGACCCGT CGGCGAAGGATCGAGATCGC 1400
K R G R Q T V 
a
T R Y Q T L E *904,927>
L E K E F H F N R Y L T R R R R I E I A
CCACGCCCTGTGCCTCACGG AGCGCCAGATAAAGATTTGG TTCCAGAATCGGCGCATGAA GTGGAAGAAGGAGAACAAGA CGAAGGGCGAGCCGGGATCC 1500
H A L C L T E R Q I K I W F Q N R R M K W K K E N K T K G E P G S
GGAGGCGAAGGCGACGAGAT AACACCACCCAACAGTCCGC AGTAGGATCGACGGAGTCTA CCCACTTAAATGAAATTTCT ATCTAAATACAATTTACGTT 1600
G G E G 0 E I T P P N S P Q *965>
AGT TCGGAGAGCGCAAATGA ATT TACTTCGATCCCAGAGG ACTATCTAATAACTATCCAA
>903*
TCCGT TGAACT TCGCGTGAA CAAACC T AAACT AAAC T AAA 1700
CAAAGAGCAGAGCTGAGAAC TCTACCTACAACTTAGTTAA TTGTTATTATTTTCTACTTA TTATTTAATTGTACACGAAA GGCAAGTGGGGAAAGCGAAA 1800
TAAGATTAACGTAAAGATAG CGATTACGATAAAGATACAA GTAAAGCGTAAAACTCAAAC AAAACCAACTCATGTGACCT CAGATCTAAATAAGCTATAT 1900
TTAACTATAATGCATATATA TATACACATAAATATATGGA TAACTATAAATGATACCAAG TAAAGCTAAAGGCAAGGAGT TATATATAAATAAATATATA 2000
TGAAGCATATATAATGTAAC ATTAGATCTACGCGTCATAA GTACTATACGATTAACT TAT ATATACACCCCAGCATAAAC CCTAAAACTAAACCTAAACA
*964>
2100
TTAAACTAAATCAATGTTTG TAGCAATCCTAGCGCAAAAA TATAAAATAAAATCCAATAA ATAAAAATAAAAAACAAATG
>909* ^ _[p o ly A  s i t e  1]
>904.927.950*
GCGTCAAAATCCATTGCATG 2200
TTGGTTCATAAAACCTATAC ATTTTTCATAACTCTGAACA TGATAACAGAAAACTTTGAC CTAAGTGAATGTCGCACTTT TAGACAAAGAAATACCAAAA 2300
CTACGAAAGAAGCGTTGCTT AAAGTGAAATTAACGTTTTA CACATACAATAAGAGTAAAA CCTATAAACTTGCAGATGCT
g
TAACTATAAATAGAAAGAAC 2400




CGAATTAGGTCGAAAAGGAT ATAAAGTATACCGAATTACA AAAAAATATGAATTGGCAAG TAAGGAGGAAAAATAAAAAT TGTTAACAGGGAATCATATG 2700







CTAACAACTATATTAATGTA TGTGTACGTAACTTAAAATC ATTTTCCACGCCATCTGTGG AAATCCATATACCAAAGTCA 2900






AATAGAACCGAATAGTCAAG AAAAAAAAACTTTACGAAGT ATTGGCTAAGCAACATTGAG AGCAAAATTCAACTCAATCC AGATACGTAACTTTCGGCCT 3200





AGAAACAAAATTCGAAAGCG TTGATTAAAATATATATATG TGAAACAAAAACAAAAAACA TTAAACAAACCCAAACATTT GTGCGAAAT TGGAACGAAAT
c
3400
GTGGAAGCTAAATAATTTGT TGTAAATAAAATTTAAACTT TAGTGTAAAGATGAGAACGG AGAATGCAGTGAAAGGGCTG CAAAGCGGAAAGCATAAAGA 3500
AAATTATAACTAAATTACAA ATGAGATTTTGTTTTTATTT GTAATATTTATAATAAAAAT ATAGTATTTAAAAATTT 3577
>9 6 4 po 1 yA s i t e  2]
FIG. 2. Shown in capital letters are the sequences assembled from Antp cDNAs. Below these, * indicates the beginning (e.g., *958>) and 
end (e.g., >958*) positions of each clone. Three polyadenylation sites are marked in square brackets, and their associated upstream AATAAA 
motifs are underlined. The genomic DNA sequence was determined for exons 1,3, and 8. Lowercase letters indicate sequences determined 
from genomic DNA. Letters below the cDNA sequence indicate internal sites where the genomic DNAs (strain Canton S) differ from the 
cDNAs (strain Oregon R) and are designated as nucleotide substitutions, deletions, or insertions (e.g., a, - a ,  +a, respectively). Major cDNAs 
contain exons 4 to 8 joined to either exons 1 and 2 or to exon 3, never to both. Splice junctions we determined are denoted by the linkage 
of the two exon numbers (e.g., 1AA2). In the exon 4 to 7 block, the exon 4-5, 5-6, and 6-7 splice junctions are denoted by filled carets (A) at 
nucleotides 252, 1029, and 1068, respectively. These positions were taken from the published data of Schneuwly et al. (50). Exons 4 to 8 
include the major ORF, which is underlined and below which lies the single-letter amino acid translation. Note the large number of glutamine 
(Q) residues. ATGs 5' of the major ORF are indicated by a double underline. Also underlined are two potential ORFs, lying in the 5' leader 
RNA sequences, one each in the exon 1-2 and exon 3 regions. These could be translated into 22- and 112-amino-acid peptides, respectively. 
Brackets above the sequence mark direct repeats.
brain and ventral nerve cord (Fig. 5). This preference is 
independent of whether the RNA contains exon 1 or exon 3.
Small Antp RNAs. Scott et al. (52) reported that exon 1 
hybridizes to at least one small RNA. We show that this 
exon may hybridize to several poly(A)+ RNAs about 1 kb 
long (Fig. 3, lanes a and b). We have isolated one cDNA, 
958, which may be derived from one of these small RNAs. It 
is encoded by exon 1, is 849 base pairs long, and terminates 
in a 21-nt poly(A) stretch preceded by the canonical 
AAT AAA signal.
DISCUSSION
Structure of the Antp transcripts. Transcription from the 
wild-type Antennapedia gene of D. melanogaster was stud­
ied by probe hybridization to RNA blots, RNA protection 
analysis, and sequencing of cDNAs. The major RNA species 
are estimated to be 3.5 and 5.0 kb long, including the poly(A) 
tails. From the results presented in this paper, together with 
other data, we conclude that the Antp gene is transcribed
from two promoters located about 70 kb apart (see below). 
Synthesis of these transcripts begins at exon 1 or at exon 3, 
yielding processed RNAs of exon compositions 1-2-4-5-6-7-8 
and 3-4-5-6-7-8. Once transcription extends into exon 8 from 
either promoter, two cleavage and polyadenylation sites are 
available. These are separated by 1.46 kb, which accounts 
for the size difference between the 3.5- and 5.0-kb RNAs. 
Because the size of exons 1 plus 2 equals that of exon 3, only 
two RNA bands instead of four are visible on gel blots. This 
leads to two pairs of comigrating RNAs.
5' Antp mRNA sequences. Preceding the major ORF in 
each large Antp transcript lies approximately 1,100 nt of 
RNA sequence containing many AUGs. The unusual fea­
tures of these 5' sequences led us to consider roles for these 
in some aspect of translation (reviewed by T. Hunt, Nature 
[London] 316:580-581, 1985). Several ways by which RNA 
regions could be used to regulate translation are discussed 
below with respect to Antp.
Several mechanisms for regulating translation work by 
restricting the access of mRNA to active ribosomes. In
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a  b  c  d  e  f g
FIG. 3. Blot analysis of Antp transcripts. Poly(A)+ RNA from 
either pupae (P) or 4- to 8-h-old embryos (E) was fractionated on 
formaldehyde-agarose gels, blotted, and hybridized with 32P-labeled 
RNA probes of the sequences indicated in panel A. Probes con­
tained exon 1 (a and b), exon 2 (c), exon 3 (d), exons 4 to 7 (e), the 
5' end of exon 8 (f), and the 3' end of exon 8 (g). Each hybridized to 
both 5.0- and 3.5-kb RNAs, except the 3' end of exon 8, which 
hybridized to only the 5.0-kb RNA. Several small RNAs were also 
detected (vertical bracket at left of panel B).
demonstrated that these AUGs in the mRNA can exert 
either a positive or a negative influence on translation of the 
downstream ORF (33).
RNA secondary structure also affects translation. The 
insertion of random secondary structure (synthetic hairpins) 
into a message reduced the efficiency of translation (39). 
Alternatively, increased efficiency of translation has been 
proposed for RNAs in which secondary structures could 
loop out 5' sequences containing consensus AUGs (5, 14, 
34). In Antp there are sequences in exon 3 which could form 
a weak hairpin structure spanning upstream AUG codons 8 
and 9.
As an alternative to upstream start signals serving to 
regulate translation of the major ORF, any of these AUGs 
might initiate the translation of its own protein. Most of the 
5' ORFs terminate after less than 30 codons, and the AUGs 
vary greatly in their match to the consensus translational 
start sequence (24). The longest ORF, contained in exon 3, 
could encode a 112-amino-acid protein with characteristic D.
4 0 -  -  -  A 4 0 -  -  -  
2 2  5 10 T1 2 2  5 10 





Exon 1 E x o n  3
EXON 1 *958 cDNA■RNA GCUUUAUGGGUUUAGUUUG probe CGAAAUACCCAAAUCAAAC••
Xenopus laevis oogenesis, translation is prevented by a 
masking protein which attaches to mRNAs (43). Alterna­
tively, for D. melanogaster heat shock protein 70 mRNA, 
access to active ribosomes under induction conditions de­
pends on specific 5' untranslated sequences (22, 30). Al­
though we have no evidence suggesting that similar mecha­
nisms are used with Antp transcripts, these mRNAs may 
have restricted access to active ribosomes because of reten­
tion in the nucleus. In situ hybridization to RNA in third- 
larval-instar imaginal disks indicates primarily nuclear local­
ization, whereas in embryos the transcripts are found in both 
nuclei and cytoplasm (27).
The two classes of Antp RNAs contain 5' regions with 8 or 
15 upstream AUG codons. According to the ribosome scan­
ning model of translation, upstream AUGs can affect the 
efficiency of translation of a downstream ORF (23). The 
model proposes that ribosomes bind the 5' mRNA end and 
search in the 3' direction until encountering a start AUG 
where it can initiate protein synthesis. It is postulated that 
AUGs between the 5' end and the major ORF could slow or 
prevent the translation of the encoded protein. Site-directed 
mutagenesis of upstream ATGs in the yeast GCN4 gene
EXON 3 23■RNA UCAGUUGUGAA- probe AGUCAACACUU- UACCGG-— AUGGCCGCUCGA
FIG. 4. 5' End analysis of exon 1 and exon 3. RNase protection 
was used to determine the 5' ends of exons 1 and 3. 32P-labeled 
anti-sense RNA probes were annealed to embryonic RNA and 
digested with either RNase A (A) plus Tl or increasing concentra­
tions of Tl alone. The amount of each enzyme used (p-g/ml) is 
indicated. Protected fragments were fractionated on a sequencing 
gel along with labeled DNA size markers (M). For each enzyme 
condition, reactions were done with probe alone (—) and probe plus 
embryonic RNA (+). The 5' and 3' ends of the RNA-RNA hybrids 
are indicated. Possible mRNA sequences are drawn above the probe 
sequences. Sites of cleavage are indicated as T and A below the 
probe strand. At the right, a divergence occurs where the mRNA 
continues ( ^ ^ ) and the probe extends into the vector. For the exon 
1 probe, digestion with A+Tl resulted in the protection of a 116-nt 
fragment. Digestion with Tl alone resulted in fragments of 128 and 
130 nt; their relative abundance is dependent on the concentration of 
Tl. Sites of cleavage are indicated below the probe sequence. We 
conclude that the start of exon 1 is at or within a few nucleotides of 
the start of 958. Digestion of the exon 3 probe with A +Tl protects 
a 125-nt fragment, whereas Tl alone protects a 127-nt fragment. 
Based on the location of cleavage sites within this probe, the start of 
exon 3 is mapped at or within a few nucleotides of nucleotide 23.
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m elanogaster codon usage bias. However, the translational 
start does not contain the consensus purine at the - 3  
position. Although polycistronic messages are common in 
procaryotes, in eucaryotes they are known only in viral 
systems (3, 8, 15, 19).
We have given several examples of functional roles for 5' 
mRNA sequences. One or several of these mechanisms may 
be used in the case of the Antp  gene. Since there are two 
classes of A ntp  RNAs that differ in their 5' regions, differ­
ences between the activities of the two Antp  RNA classes 
may arise from these leader sequences and thereby play an 
important role in Antp  gene functions.
Evidence for two Antp  promoters. What data support the 
existence of two A ntp  promoters? (i) The structure of the 
cDNA clones and the RNA blotting data, taken together, 
indicate that there are two RNA classes, beginning either 
with exon 1 or with exon 3. These exons are separated in the 
genome by about 70 kb. (ii) Abbott and Kaufman have 
genetic evidence for two independent functional units within 
the A ntp  gene (M. Abbott, Ph.D. thesis, Indiana University, 
Bloomington, 1984). Their mutant analysis localizes unit one 
defects to the physical map region including exons 1 and 2, 
while unit two defects fall in the region including exon 3, in 
the same way each of our transcription units corresponds to 
one of these regions, (iii) We have analyzed transcription in 
A ntp  mutations, in which the two promoters have been 
physically separated by DNA rearrangement, and found that 
both halves of the locus retain promoter activity (E. M. 
Jorgensen and R. L. Garber, in preparation).
Biological functions arising from two promoters. In general 
terms, two promoters could be used to activate transcription 
at different times in the development of an organism, as 
demonstrated for the D. m elanogaster alcohol dehydroge­
nase gene (47). However, blot analysis with A ntp  probes of 
RNA from embryonic, larval, and pupal stages demon­
strated the activity of both promoters at each stage (Fig. 3 
and 5).
Another function for two promoters could be to indepen­
dently regulate gene activity in different tissues, as with the 
mouse a-amylase gene (48). Genetic analysis of A ntp  indi­
cates two spatially defined functional units exist within the 
locus (Abbott, Ph.D. thesis). Somatic recombination clones 
homozygous for mutations in functional unit one were found 
to be defective in dorsal regions of thoracic segments one 
and two, tissues which are contributed by the humeral and 
wing imaginal disks. Defects were also seen in transplanted 
wing disks derived from homozygous Antp  mutants (49). 
Unit two mutations, on the other hand, disrupt normal leg 
development. In whole animals, the transheterozygote (unit 
one mutation/unit two mutation) survives to adulthood and is 
phenotypically normal. On the basis of breakpoints which 
disrupt the A ntp  gene, Abbott has assigned the dorsal 
functions to exons 1 and 2 and the ventral ones to exon 3.
The two sites of A ntp  transcription initiation fall within the 
same regions as the functional units defined by Abbott. Since 
loss of functional unit one leads to a dorsal defect, we 
expected that transcripts originating from the first Antp  
promoter would be found in dorsal tissue and that RNAs 
from the second promoter would be localized ventrally. 
However, we found transcripts from each A ntp  promoter in 
both dorsal and ventral thoracic imaginal disks. We suggest 
two possible ways to reconcile the data. Although both 
transcripts are found in the same tissue, they may not be 
present in the same cells of that tissue. Alternatively, 
although both RNA classes are synthesized, only one may 
be translated in each tissue. The latter example makes
FIG. 5. Analysis of Antp transcripts in specific third-instar larval 
tissues. Total RNA isolated from individual larval tissues was 
probed with sequences from exon 1 or 3. The RNAs examined were 
extracted from eye-antennal imaginal disks (EA); brain lobes (B); 
ventral nerve cords (VNC); and first-leg (LI), second-leg (L2), 
third-leg (L3), humeral (Hu), wing (W), and haltere (Ha) imaginal 
disks. The four major transcripts are present in all these tissues 
except eye-antennal disks, although the second poly(A) site is 
preferred in neural tissue.
possible a role for the 5' upstream mRNA sequences in 
regulating the spatial pattern of A ntp  translation.
During final preparation of the present manuscript, similar 
results with A ntp  were published (50). The two studies 
complement in that each group isolated cDNA clones that 
the other lacked. In total, these clones confirmed the 5' and 
3' ends of transcripts mapped approximately by SI analysis, 
primer extension, and RNA protection. Several nucleotides 
in the two sets of sequences, which were determined inde­
pendently, differ. We report these differences for the benefit 
of future studies in which they may be important. The format 
will be exon number (nucleotide number): our sequence/ 
Schneuwly et al. sequence (see Fig. 2). Exon 1 (284):A/C. In 
this one case it is likely due to strain differences, since we 
sequenced only an Oregon R strain cDNA and the other 
researchers sequenced only a Canton S genomic clone. Exon
3 (751):G/nothing. Exon 7 (1113):G/A. Exon 8 (2768- 
2 7 6 9 ):n o th in g -n o th in g /A -G , (2 7 8 4 -2 7 8 5 ):G A /A G , 
(2788):nothing/G A A , (2791):nothing/A , (2799):C/G , 
(2831):nothing/A, and (2847):C/nothing. Only in the case of 
Exon 7 (1113) does a difference occur in the proposed 
protein-coding region, and in this case the difference does 
not alter the amino acid sequence.
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